One Sentence Summary: Mice develop bladder tertiary lymphoid tissue (bTLT) during aging that is dependent on TNF and independent of urinary tract infection.
INTRODUCTION
barrier leads to chronic inflammation and disorders such as IC/BPS and rUTIs (7, 14, 17) . Whether 48 urothelial barrier function is affected by aging is not known. 49 In contrast to other mucosal tissues, the bladder contains a relatively sparse repertoire of 50 resident and patrolling immune cells (12, 18) . During homeostasis, bladder immune cells consist 51 of ~70% antigen-presenting macrophages and dendritic cells, ~10% T cells, and smaller numbers 52 of NK cells, mast cells, eosinophils, and patrolling monocytes (19, 20) . The bladder lacks 53 dedicated mucosal secondary lymphoid organs (SLOs) that form during development like the 54 Peyer's patches of the small intestine. However, non-lymphoid tissues may form ectopic SLO-like 55 structures, known as tertiary lymphoid tissues (TLTs), in response to chronic inflammation and 56 antigen exposure (21, 22) . Aging affects the size, presence, and functionality of TLTs in several 57 tissues (23) (24) (25) (26) . For example, isolated lymphoid follicles (intestinal TLT) in aged mice have altered 58 cellular compositions and produce more IgA compared to young mice (27) , and inducible 59 bronchus-associated lymphoid tissue (lung TLT) forms more robustly in response to cigarette 60 smoke in aged mice compared to young mice (28) . Whether aging affects immunity in the bladder 61 mucosa is not known. Since both infectious and non-infectious chronic bladder inflammation is 62 highly prevalent in older women, age-associated disruption of immune homeostasis in the bladder 63 may mediate inflammatory pathology and lower urinary tract symptoms. 64 Here, we report that bladders from aged mice exhibit transcriptional signatures enriched 65 in immune-mediated responses and a cellular repertoire skewed towards an expansion of 66 lymphoid populations relative to bladders from young mice. Furthermore, we identify lymphoid 67 cells organized into TLTs that we term bladder tertiary lymphoid tissues (bTLTs). bTLTS are found 68 predominantly in females and analogous bTLTs are found in bladders of older women, many of 69 whom had a history of rUTI. While aged mice similarly have a higher frequency of UTI recurrences 70 than young mice, we demonstrate that bTLT form in an age-dependent manner that is 71 independent of infection. We further demonstrate that bTLTs are capable of producing IgA + 72 plasma cells that form within germinal centers and secrete IgA into the urine. Moreover, we 73 identify that TNF is a major driver of bTLT formation, as TNF -deficient mice lack bTLTs at any 74 age. Finally, both aged wild type (WT) and TNF -/mice have increased urothelial permeability. 75 mice contained bone fide TLTs. Together, our data demonstrate that B and T cells in bladders 143 from aged mice localize to distinct aggregates with the organization and specialized structures 144 characteristic of TLTs. Hereafter, these structures are termed bladder tertiary lymphoid tissues 145 (bTLTs).
146
Small clinical case series occasionally report lymphoid aggregates or follicles in the 147 bladder (35) (36) (37) , but their relation to aging and outcome of chronic bladder inflammation remains 148 unknown. Small, raised, reddish-yellow nodules can be grossly visualized by bladder endoscopy 149 (cystoscopy) in some women with chronic bladder inflammation ( Fig. 2E) (39) ; however, the 150 significance of these nodules is not clear. Since aging is associated with high rates of chronic 151 bladder inflammation in women, we sought to determine if bTLTs could be found in symptomatic 152 women undergoing cystoscopy with possible biopsy. Since chronic bladder inflammation is most 153 prevalent in older women, we hypothesized that these nodules are similar to bTLTs found in aged 154 mice. Thirteen women with nodular lesions visualized by cystoscopy ( Fig. 2E) were biopsied for 155 pathologic diagnosis. Eleven of the 13 biopsies were read by a clinical pathologist and reported 156 to have chronic inflammation with no malignant or pre-malignant changes. Furthermore, 7 of the 157 11 (64%) biopsies were noted in pathology reports to contain distinct lymphoid follicles in the 158 lamina propria (Fig. 2F) . Since some biopsies were too small to identify distinct lymphoid follicles 159 by routine histology, we further analyzed separate biopsies obtained simultaneously for research.
160
In biopsies from 12 of the 13 patients (92%), we identified distinct B and T cell organization ( Aged mice are susceptible to recurrent UTIs, but bTLTs form independent of infection 172 Ten out of the 13 women with bladder biopsies reported a history of recurrent UTIs (rUTIs), 173 defined as at least 2 culture-positive UTIs in the past 6 months or 3 culture-positive UTIs in the 174 past year. However, since biopsies are taken when there is not an acute infection, bTLTs in these 175 patients represent a long-term inflammatory response in the bladder. In mice, chronic bladder 176 inflammation can result in long-term changes to the mucosa that predisposes to further infections 177 (38, 40, 41) ; thus we hypothesized that age-associated bTLTs may be associated with increased susceptibility to rUTIs. To determine if aged mice with bTLTs were similarly susceptible to rUTIs, 179 we infected young and aged mice with uropathogenic E. coli and monitored urine bacterial titers 180 over 14 days post infection (dpi). Young and aged mice were equally infected, as determined by 181 urine bacterial titers at 6 hours post infection ( Fig. S3 ). Over the first 3 dpi, young and aged mice 182 cleared UPEC from their urine at equal rates; however, similar to older women, aged mice had 183 more spontaneous recurrences of bacteriuria than young mice between 7 and 14 dpi ( Fig. 2I) . 184 Histologically examining the bladders from aged mice, we found no difference in the proportion of 185 mice that had bTLTs before and after infection (84% uninfected vs. 76% infected, p=0.5854, Fig.   186 2J). These findings suggested that, while aged mice are more susceptible to recurrent UTIs than 187 young mice, bTLTs likely form due to age-associated inflammation rather than infection-induced 188 inflammation. To determine when during the lifespan bTLT form in mice, we examined bladders 189 from mice ranging from 3 to 24 mo of age. While no bTLTs (well-defined aggregates 10 4 m 2 ) 190 were found in mice 6 mo or younger, bTLTs were found in bladders beginning at 9 mo, and nearly 191 all bladders contained bTLTs by 15 mo (Fig. 2K) . While the number of bTLTs found in the bladder 192 increased over time, the average size of each individual bTLT not significantly ( Fig. S3) . Thus, in 193 mice, bTLTs form during normal aging beginning around 9 mo of age and increase in number, 194 but not size, over time. In SLOs, the homeostatic lymphoid chemokines CXCL12, CXCL13, CCL19, and CCL21 198 attract naïve lymphocytes and organize their characteristic follicular structure (34, 42, 43) . Ectopic 199 expression of one or more of these chemokines is sufficient to induce TLTs in a permissive tissue 200 environment (44, 45) . Given that bTLTs are found in bladders from aged mice, we anticipated that 201 one or more of the homeostatic chemokines may be acting in the bladder. Indeed, Cxcl13 was . Cxcl12 and Ccl21 expression were not higher in bladders from aged mice ( Fig. S4) . Since 207 these chemokines use overlapping receptors and have some functional redundancies, it is 208 possible that CXCL13 and CCL19 are sufficient to recruit and organize bTLTs in aged mice while 209 CXCL12 and CCL21 are dispensable (42, 43) . 210 Since the homeostatic chemokines recruit naïve B and T cells to SLOs and TLTs, we 211 hypothesized that bTLTs recruited naïve lymphocytes and generated in situ adaptive immune 212 responses (46, 47) . The majority of B cells within bTLTs stained positive for the naïve B cell 213 marker IgD (Fig. 3B) . After activation via antigen recognition, B cells may form germinal centers 214 (GCs) within follicles, where they undergo somatic hypermutation, affinity maturation, and class 215 switch recombination (48) . If this were the case in the bladder, we would anticipate evidence of 216 multiple isotypes of immunoglobulin (Ig) heavy chains. Indeed, RNA-seq analysis of bladders from 217 young and aged mice revealed that the most highly upregulated genes in aged bladders were Ig 218 constant genes, with IgM and IgA being the most significantly-upregulated ( Fig. 3C) . Since IgA is 219 a class-switched isotype that is often produced in mucosal lymphoid tissues, we hypothesized 220 that bTLTs supported local GCs that produce IgA-secreting plasma cells. Locally active GCs were 221 identified within bTLTs by the highly-specific GC marker GL-7 ( Fig. 3D) , and CD138 + IgA + plasma 222 cells were found localized to the edges of bTLTs ( Fig. 3E) . Furthermore, aged mice had 10-fold 223 higher urine IgA concentrations than young mice ( Fig. 3F) , suggesting a role for bTLT in urinary 224 IgA production. To determine if the increase in urine IgA was locally produced in the bladder, we 225 cultured bladders from young and aged mice ex vivo. Bladders from aged mice secreted over 45 226 ng/mL more IgA than bladders from young mice ( Fig. 3G) , indicating that the increase in urine 227 IgA was likely due to increased local production and secretion. The frequency of plasma cells in 228 bladders from aged mice was also higher than those from young mice by flow cytometry (Fig.   229 3H), and IgA + plasma cells were primarily localized to bTLT (Fig. 3E) . These data further support 230 a role for bTLTs in aged mice play in the local antibody responses and IgA production that is 231 transported across the urothelium into the urine.
233
Aging impairs urothelial barrier function and requires TNF for bTLT formation 234 Both animal and human studies demonstrate an age-dependent loss of epithelial integrity 235 in the gastrointestinal tract, lung, eye, and skin (15) . Given the urothelium's distinct role as a 236 water-and solute-tight barrier to urinary wastes (13, 49) , we hypothesized that aging impairs 237 urothelial barrier integrity, which could stimulate chronic inflammation and bTLT formation in had been absorbed through the urothelial basement membrane was higher in aged mice than in 245 young mice ( Fig. 4B) . Thus, aged mice have increased penetration of urinary contents into the 246 underlying bladder tissue, which could damage host proteins to stimulate bladder inflammation in 247 an age-dependent manner (49) .
248
TNF is a major pro-inflammatory cytokine involved in promoting inflamm-aging and its 249 pathological consequences (16, 51) . RNA-seq data indicated that Tnf was a top, locally-250 upregulated cytokine in bladders from aged mice (7.2-fold change, FDR-adjusted P=0.0035), 251 which we confirmed by qRT-PCR ( Fig. 4C) . In the colon, age-associated TNF has been shown 252 to lead to epithelial permeability that permits increased translocation of bacterial products into the 253 circulation, stimulating further age-associated inflammation via a positive feedback loop (16, 52) . 254 To test whether TNF induces age-associated urothelial permeability, we transurethrally instilled 255 FITC-dextran into the bladders of young and aged WT and TNF -/mice. Aged TNF -/had 256 urothelial barrier defects similar to aged WT mice, thus TNF was not required for age-associated 257 urothelial permeability ( Fig. 4D) . However, bladders from aged TNF -/mice rarely contained 258 bTLT compared to age-matched WT mice (Fig. 4E) , and these bTLT were significantly smaller 259 than those found in WT mice (Fig. 4F) . In contrast to the increased TNF -dependent permeability 260 in the aging gut (16) , these data demonstrate that in the bladder, urothelial permeability increases 261 in an age-dependent manner, while bTLT formation requires TNF -dependent inflammatory 262 responses.
263

DISCUSSION
264
Postmenopausal and elderly women have increased susceptibility to bladder disorders 265 involving chronic inflammation, including overactive bladder (OAB), interstitial cystitis/bladder 266 pain syndrome (IC/BPS), and recurrent UTIs (rUTIs) (1, 3, 4) ; however, the underlying 267 mechanisms predisposing older women to bladder inflammation have remained unclear (10) . 268 Here, we show the first characterization of age-induced changes to the immune system in the 269 urinary bladder. Most strikingly, bladders from aged female mice, but not those from aged male 270 mice, frequently contain large aggregates of lymphoid cells with a composition and organization 271 consistent with tertiary lymphoid tissues (TLTs) (21, 22, 33, 34) , thus we termed them bladder 272 tertiary lymphoid tissues (bTLTs). We show that bTLTs develop with age in the absence of any 273 experimental trigger, indicating that age itself is a risk factor for an increased inflammatory milieu 274 in the bladder. bTLTs are not considered a normal finding in the bladder and are not found in 275 healthy, young mice; thus bTLTs are a sign of chronic inflammation and perturbed homeostasis 276 in this tissue (36, 39, 53) . Furthermore, our finding that aging is also associated with urothelial 277 barrier dysfunction and increased production of secretory IgA could shift the approach to studying 278 and treating age-associated bladder inflammation. We also identified the key, age-associated 279 inflammatory cytokine TNF as a driver of bTLT formation in the aging bladder. These findings 280 reveal a new target that could be used in the management of chronic bladder inflammation in 281 older women. Furthermore, age-associated inflammation may promote bTLT formation and age-282 related susceptibility to chronic bladder inflammation.
283
Adaptive immune responses in lower urinary tract infections (e.g. cystitis without 284 pyelonephritis) are reportedly limited, inadequate, and actively inhibited by the innate immune 285 response to infection (12, 19, 54) . Cellular characterization of aged bladders prior to infection 286 revealed an influx of CD4 + and CD8 + T cells, naïve and activated B cells, and IgA + plasma cells, 287 all localized to organized bTLTs. Global bladder transcriptomes indicate that classical lymphoid 288 neogenesis signaling pathways, including TNF , lymphotoxin, and the homeostatic lymphoid 289 chemokines, likely play a role in orchestrating the organization of these lymphocytes in aged 290 bladders (21, 22, 33, 34) . Young bladders do not contain substantial numbers of these cellular 291 populations, particularly those of the B cell lineage (12, 19) . T cell influx has been reported in 292 young mice given multiple UTIs with uropathogenic E. coli (55) , and aggregates of CD45 + cells In the elderly, excessive inflammation in response to infection coupled with a lack of 328 protective adaptive responses may indicate that TLTs associated with infection in this population 329 could be pathogenic (72) . TLTs in the elderly may also represent their inability to clear chronic 330 infections and control latent infections (73) . Given the high prevalence of UTIs among elderly 331 women and the known mechanisms of uropathogenic E. coli persistence and recurrence, our 332 discovery of age-associated bTLTs warrants further investigation from both a clinical and 333 mechanistic perspective. 334 Mechanistically, we demonstrate that age-associated TNF promotes the formation of bTLTs 335 over the lifespan of mice. TNF is a well-established marker of age-associated inflammation and 336 likely has many roles in pathogenic changes that arise during older age (11, 16) . Both aging and 337 TNF increase permeability in the intestinal epithelium (16, 52) , but this phenomenon had not 338 previously been demonstrated in the bladder epithelium. Given the critical importance of the 339 bladder epithelium to serve as an impermeable barrier to urinary contents, increases in urothelial 340 permeability have adverse consequences. For example, urothelial barrier defects are frequently 341 found in interstitial cystitis/bladder pain syndrome (IC/BPS) patients, which is most often 342 diagnosed in women over 40 (3) . In an IC/BPS mouse model, urine exposure was required to 343 induce permeability-mediated inflammation (49) , and in another model, ectopic expression of 344 TNF in the bladder resulted in heighted pain sensitivity reminiscent of IC/BPS (74) . In our 345 studies, both aged WT and TNF -/mice exhibited increased urothelial permeability, suggesting 346 that age is the primary driver of epithelial dysfunction in the bladder. Since bladders from aged 347 TNF -/mice rarely contained bTLT, urothelial permeability is likely to be upstream of a TNF - 
